The purpose of this study was to compare image quality between compressed sensitivity encoding (CS) and sensitivity encoding (SENSE) in single-shot turbo spin echo diffusion-weighted imaging (TSE-DWI). Signal-tonoise ratios (SNR), apparent diffusion coefficient (ADC) values, and geometric accuracies were measured with an American College of Radiology head phantom. CS showed a high mean SNR, less variation in ADC values, and reduced imaging acquisition time (21.7 %-39.3 %) compared with SENSE. In addition, there was no significant difference in geometric accuracy between SENSE and CS. In conclusion, in comparison with SENSE TSE-DWI, CS TSE-DWI resulted in a reduced imaging acquisition time and improved SNR, while maintaining image quality.
Introduction
Diffusion-weighted imaging (DWI) using single-shot echo-planar imaging (EPI) is the magnetic resonance (MR) imaging method most commonly used to diagnose early brain infarction and acute brain stroke. Not only is it fast and relatively insensitive to patient motion, it also has high sensitivity to acute ischemia and provides useful quantitative information on Brownian motion of water molecules in relation to normal or abnormal tissue [1, 2] . The apparent diffusion coefficient (ADC) obtained with DWI is also highly effective for differentiating tumor grades [3] . However, some studies have shown that EPI-DWI based on a spin echo sequence is subject to a low signal-to-noise ratio (SNR), low spatial resolution, and distortions (such as blurring and susceptibility artifact) due to eddy currents, the long echo planar imaging read out, and static magnetic field inhomogeneity [4] [5] [6] . In EPI-DWI, the above-mentioned artifacts can cause inaccurate ADC values and degrade image quality [7, 8] .
To address this issue, other MRI sequences have been utilized for DWI, including single-shot turbo spin echo (TSE-DWI). TSE-DWI demonstrated reduced image distortion and chemical shift artifacts in comparison with EPI-DWI [9] , although it is subject to a low SNR and severe image blurring in the phase-encoding direction [10] .
A study by Yoshida et al. evaluated the relationship between the image quality of TSE-DWI and various sensitivity encoding (SENSE) acceleration factors (AFs) [11] , and recent advances in combining compressed sensing and SENSE-based parallel imaging (PI) techniques, so called compressed SENSE (CS), can reduce scan times further than conventional PI techniques, while maintaining image quality [12, 13] . However, there is currently no report directly comparing CS and conventional SENSE TSE-DWI sequences. We hypothesized that TSE-DWI using CS can reduce scan time without sacrificing image quality compared to the TSE-DWI using SENSE. Therefore, the purpose of this study was to compare image quality between CS and SENSE in TSE-DWI.
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Background
Magnetic resonance imaging (MRI) is a widely used and essential modality for anatomical and functional diagnosis. Although MRI has a high resolution in all areas of the body, the primary disadvantage of MRI is that it requires a relatively long scan time compared with other medical imaging modalities such as computed tomography or ultrasound. To reduce the acquisition time for conventional MRI, PI techniques were developed to reduce the phase-encoding steps required and enable faster MR data acquisitions. One of the most commonly used conventional PI techniques is SENSE, which unfolds superimposed pixels in the image domain. The SENSE technique is based on the fact that the receiver sensitivity generally has an encoding effect of its own due to the simultaneous acquisition of data from multiple receiver arrays with spatially varying sensitivities. The acceleration factor (AF) is the ratio between the number of k-space lines of fully acquired image and an image acquired with PI technique such as SENSE. Thus, SENSE reduces the number of Fourier-encoding steps required and allows collection of more data without additional scan time [14] . The SENSE equation is shown in Eq. (1). (1) where p is the reconstructed image, m d,i is the measured data for a given coil element after noise decorrelation, E is the under-sampled Fourier operator as defined by the sampling pattern, S d,i is the coil sensitivity for a given coil element after the noise decorrelation obtained from the SENSE reference scan,  1 is a regulation factor allowing a balance between data consistency and prior knowledge of the image content, and R is a coarse resolution image from the integrated body coil that is obtained with the SENSE reference scan.
The CS acquisition involves a combination of compressed sensing and SENSE to obtain a balanced incoherent under-sampled acquisition of variable density, and then iterative reconstruction to remove the aliasing artifact, thereby resulting in a clean image without artifact [12, 13, 15] . The main difference between SENSE and CS is that the CS image is transformed into the wavelet domain, where information in the image is represented at different spatial scales and can be relatively sparse. This means that the image information is acquired more efficiently, and the scan time can be reduced. The formula for CS is given in Eq. (2) [13] .
, (2) where  2 is a regulation factor to balance the sparsity constraining and data consistency in the iterative solution, and  is the sparsity transform into the wavelet domain.
The simple diagram indicating principle of the SENSE and CS technique are shown in Fig. 1 .
Materials and Methods

Phantom study
An MR phantom accredited by the American College of Radiology (ACR; JM, Specialty Parts, San Diego, CA, USA) was used for the phantom measurements performed in this study. The internal measurements of the ACR phantom were 148 mm in length and 190 mm in diameter. The phantom was filled with a solution of nickel chloride and sodium chloride (10 mM NiCl 2 and 75 mM NaCl [16] ), and was carefully aligned and positioned in the center of each head coil in a spatial orientation defined according to its nose and chin marks. The scanning was performed at room temperature (21.0 °C) to avoid any problems with temperature dependence of the quantitative measurements. Given that this was a phantom study, written informed consent was not applicable.
MR protocol
All scans were performed on a clinical 3-Tesla MR scanner (Ingenia, Philips Healthcare, The Netherlands) using 32-channel head coils (Philips Healthcare). No image signal intensity corrections were applied when the TSE-DWI sequences were used. TSE-DWI acquisitions with two b-values (0 and 1000 s/mm Table 1 . The slice thickness and slice gap were set according to the ACR phantom test guidelines [16] .
Image analysis
The MR imaging data for each b-value were transferred from the picture archiving and communication system to a personal computer. The SNR analysis was performed on slice 7 of the ACR phantom, where the image contrast was uniform. The SNR values were calculated from each b = 1000 s/mm 2 TSE-DWI acquisition using the National Electrical Manufacturers' Association subtraction method 1 [17] , according to the following equation:
where S is the mean signal value of two images and  is the standard deviation of the subtracted images. S and  were derived from corresponding regions of interest (ROI) on the two images and the subtracted image. The factor arises because noise with a propagation of error is derived from the difference image [17, 18] . Image analysis was performed using ImageJ (ImageJ v. 1.45; National Institutes of Health, Bethesda, MD, USA).
ADC values obtained from TSE-DWI with different SENSE and CS AFs were calculated according to the following equation:
where S 1 and S 2 are signal intensities acquired at the low b-value b 1 and the high b-value b 2 , respectively. To assess geometric accuracy, the diameter of the phantom image on slice 5 was measured in four directions: top-to-bottom, left-to-right, and along both diagonals.
Statistical analysis
The SNR values obtained from the TSE-DWI using SENSE and CS were compared using a paired Student's t-test. Statistical analyses were performed using IBM SPSS Statistics for Windows/Macintosh Version 21.0 (IBM Corp., Armonk, NY, USA). For all statistical analyses, a two-sided probability level of p < 0.05 was considered statistically significant. The coefficient of variance (CV) was used to evaluate the precision of repeated measures of geometric accuracy and ADC values obtained from the SENSE and CS imaging. The CV of five repeated measurements was calculated by dividing the standard deviation by the mean length values.
Results
The SNR values showing the relationship between SNR and AF in the TSE-DWI using SENSE and CS are presented in Fig. 2 . In general, in TSE-DWI using either SENSE or CS, the SNR values tended to decrease as the AF increased. The highest SNR from the TSE-DWI using SENSE was measured at a SENSE AF of 3, while a CS AF of 5 showed the highest SNR. In TSE-DWI using SENSE, the mean SNR values at SENSE AFs of 4 and 5 were reduced by 33.4 % and 71.1 %, respectively, compared with a SENSE AF of 2. With the TSE-DWI using CS, the mean SNR reductions were 0.6 % and 24.8 % at CS AFs of 6 and 7, respectively, compared with a CS AF of 4. Comparison of SENSE with CS showed no statistically significant differences between a SENSE AF of 2 and a CS AF of 4, and a SENSE AF of 3 and a CS AF of 5 (p > 0.05). However, there were statistically significant differences between a SENSE AF of ≥ 4 and a CS AF of ≥ 6 (p < 0.05; Fig. 2 ). Fig. 3 shows ADC maps calculated from the TSE-DWI using SENSE and CS. Increasing image noise was observed as AF increased, especially at AFs of 4 and 5 in the TSE-DWI using SENSE. However, reduced image noise was observed at CS AFs of 6 and 7 in comparison with SENSE AFs of 4 and 5. Table 2 shows the mean ADC values and CVs obtained from the TSE-DWI using SENSE and CS. Contrary to the findings with CS, the mean ADC values obtained from the TSE-DWI using SENSE tended to decrease as AF increased. In addition, SENSE showed a greater variation than CS in the mean ADC values. However, the repeatability of ADC values was good in TSE-DWI using either SENSE or CS, with all CVs being within 1.06 %. Fig. 4 demonstrates the geometric accuracy of slice 5 images obtained from the TSE-DWI using SENSE and CS. All measured lengths in the TSE-DWI using SENSE and CS were within ± 2 mm of their true diameters, and all their CV values were within 0.21 %. However, image blurring in the phase-encoding direction was reduced as the AF increased in both SENSE and CS imaging, despite image noise increasing as the AF increased. 
Discussion
In this study, we analyzed the SNR and ADC values obtained from TSE-DWI using CS and SENSE. In addition, we measured geometric accuracy to evaluate image distortion on TSE-DWI using CS and SENSE. In comparison with TSE using SENSE, CS significantly reduced the TSE scan time while maintaining or improving image quality. In particular, a CS AF of 4 demonstrated similar SNRs to a SENSE AF of 2, with a reduction in scan time of 40 %. Previous reports showed that higher AFs not only increased noise amplification or the average g factor, but also had a considerable negative influence on the SNR [14, 19] . These previous results were similar to our findings showing that the SNR decreased as the AF increased, with either CS or SENSE. However, the overall SNR of the TSE-DWI using CS was higher than that using SENSE. This may be supported by the iterative reconstruction from variable-density random under-sampling of k-space data, which may contribute to improvements in the SNR [12] .
Increasing the NSA is one way to improve the SNR in TSE-DWI. However, this requires a long scan time, which can result in patient motion. To address this weakness, increased NSA with CS should be considered in comparison with increased NSA with SENSE. A prolonged scan time caused by an increase in NSA can be reduced by the use of CS, which can compensate for the relatively low SNR of TSE-DWI; our results demonstrated that CS can reduce scan time while maintaining image quality in comparison with SENSE. Thus, it is important to use an appropriate AF and understand the relationship between SENSE or CS and the image quality of TSE-DWI.
Our study also demonstrated the variability of ADC values and geometric accuracy measurements obtained from TSE-DWI using SENSE and CS. The reproducibility of the ADC values obtained with TSE-DWI was similar to that reported in a recent study, regardless of whether SENSE or CS were used [11] . In addition, the CV values of geometric accuracy measurements were good with both CS and SENSE. All measured lengths on CS and SENSE images were within ± 2 mm of their true values, with there being no significant differences in geometric accuracy between CS and SENSE. Furthermore, reduced image blurring in the phase-encoding direction was observed as AF increased in both CS and SENSE, although the increase in AF led to an increase in image noise. This is consistent with the results of a recent study [11] and could be explained by the fact that the higher AF reduces the shot duration, which causes image blurring owing to T 2 decay in the phase-encoding direction. Considering the above-mentioned findings, TSE-DWI using CS maintains geometric accuracy, provides less variation in ADC values, and reduces scanning time in comparison with TSE-DWI using SENSE. There were some limitations to our study. First, it was based on the ACR phantom, which is mainly used for quality assurance and does not simulate lesions with low ADC values such as acute stroke and glioma. Second, our experiment was conducted using only one type of MR scanner at a single center. Previous studies have reported that different equipment and field strengths have different effects on the SNR and ADC values of DWI [7, 8] . Therefore, further studies should be performed to evaluate the effects of different MR scanner types and field strengths. Lastly, although the shortest TR values were used in both SENSE and CS techniques, there were differences in TR between SENSE and CS, due to mechanical constraints of acquisition techniques. Nevertheless, this is the first study comparing the image quality of TSE-DWI using SENSE and CS. In addition, this study provides baseline information related to the use of CS in MRI, which could be of use in a diverse array of medical MRI fields.
Conclusion
In conclusion, TSE-DWI using CS enabled a reduction in the imaging acquisition time while maintaining image quality and improving SNR in comparison with TSE-DWI using SENSE. However, CS AFs of 6 and 7 were subject to substantial image noise, despite having a higher SNR than SENSE with AFs of 4 and 5. Optimizing the use of CS in TSE-DWI can provide a similar image quality to that of TSE-DWI using SENSE, with a comparative reduction in scan time.
